Besides the obvious interest in the field of recreational physics -which initially attracted our attention to the problem-understanding the formation of foam in a supersaturated carbonated liquid after an impact involves a careful physical description of a number of processes of great interest in several areas of Physics and Chemistry. In order of appearance in this problem:
propagation of strong pressure waves in bubbly liquids, bubble collapse and fragmentation, diffusive mass transfer and the dynamics of autocatalytic bubble-laden plumes and vortex rings.
As a consequence of the broad range of phenomena taking part in the overall process, the better understanding of the foam forming process in supersaturated liquids may find application in various fields of natural sciences and technology. The dynamics of explosive volcanic 1, 2 or limnic 3 eruptions and the formation of flavour-releasing aerosols by bursting Champagne bubbles 4 are just a few examples.
To understand how the processes described above interact to lead to the foaming-up of beer, we have carried out an experimental investigation impacting commercial beer bottles under well-controlled repeatable conditions. By recording the evolution of gas bubbles with a highspeed camera and the liquid pressure temporal evolution with a hydrophone (Methods) we provide qualitative and quantitative analyses of the various processes that develop during the foam formation. Thus, we divide the overall foaming-over process into well-differentiated stages controlled by different physical mechanisms. More importantly, we show experimental evidence supporting the explanation given for each step of the outgassing process.
The chain of events that ultimately leads to the foaming-up of beer is triggered by a sudden impact on the top of the bottle, which generates a compression wave that propagates through the glass towards the bottom as predicted by the classical theory of impact on solids 5 . When the wave reaches the base of the bottle, it is partially transmitted to the liquid as an expansion wave that travels towards the free surface where it bounces back as a compression
wave. This train of waves bouncing back and forth repeats several times until it damps out. Figure 1 shows snapshots of the first instants after the impact to illustrate the effects of the first expansion-compression cycle. It can be seen how bubbles start to expand first near the bottom whereas, at approximately t ≈ 124 µs, those located near the free surface begin to shrink. The train of rarefaction-compression waves drives the fragmentation of most of the existing gas pockets during the first wave cycles. Similarly to what happens in the generation of medical ultrasound contrast agents through sonication (ref. 6 ) or, albeit in a more violent way, in sonoluminescence 7 , it seems reasonable to attribute the break-up of the bubbles to a Rayleigh-Taylor instability 7 . The number of fragments, N , resulting upon the break up of a bubble cannot be measured due to the high void fraction of the resulting bubble cloud (Fig. 2d) . Instead, an estimation of this number is obtained using the model of Brennen
Following this model (see Supplementary Information), the most unstable mode is given by
with Γ m = ρRR/σ, evaluated at the instant when the radius, R, is minimum, ρ the fluid density and σ the liquid-gas surface tension. The size of the fragments is expected to be of the order of R/n m , thus the number of fragments generated is N ≈ n 3 m . For the typical bubble sizes and pressure wave amplitudes used in these experiments, we find a most unstable mode of the order of n m ≈ 10 2 and a number of fragments N ≈ 10 6 .
As a consequence of the fast bubble collapse and break-up, right after the implosion the total gas-liquid interfacial area increases by a factor of the order of N 2/3 . This sudden increase of the interfacial area leads to a second stage where the clouds of bubble fragments grow rapidly as a result of the diffusion of carbonic gas into the newly created cavities. This stage can be modelled using the classical theory of bubble growth in supersaturated media 11 . Under the reasonable assumption that the cloud grows as the sum of its components, this theory states that the cloud size, L c , follows
where ∆C is the difference between the concentration of carbonic gas in the bulk liquid and the saturation value, κ its diffusivity, ρ g the density of the gas inside the bubbles, α a dimensionless constant and F (x) a known function (Supplementary Information). Taking the estimated number of fragments generated during the collapse of a single bubble, N ≈ 10 6 , we expect the radius of the bubble cloud to grow about 100 times faster than a single bubble with the same volume than the cloud. In fact, this magnitude represents an upper bound, since those fragments at the center of the cloud will grow more slowly, due to their limited access to CO 2 . Initially, the growth rate scales roughly as t 1/2 albeit exhibiting some oscillations caused by cycles of expansions and compressions that are not yet attenuated (Fig. 3 , blue squares in the upper panel).
This diffusion-driven stage ends when carbon dioxide is locally depleted and thus the cloud's size significantly moderates its growth. In the example of figure 3, this occurs at about t ≈ 10 ms. To avoid the noise introduced by the acoustic waves at short times we have performed additional experiments by focusing a high-energy laser pulse inside the liquid (Methods). In the focal region, the laser generates a dense bubble cloud that initially grows as the square root of time, which is consistent with a purely diffusive growth (Fig. 3 , red squares in the upper panel).
The rapidly growing bubble clusters act as buoyancy sources that lead to the formation of bubble-laden buoyant vortex rings in time scales of order t g ∼ (L/g) 1/2 (Fig. 3c) , very much like a localized release of heat forms a thermal 12 . As the vortices rise through the liquid, the advection due to their self-induced velocity and the mixing caused by their vortical motion contribute to enhance the transport of CO 2 to the bubbles. In turn, this results in a growth-rate faster than that found for pure diffusion, namely t 1/2 . Indeed, the cloud's size grows roughly as t 2 during this stage (Fig. 3, upper plot) . Moreover, as a consequence of the continuous generation of gas volume inside the vortex, the velocity approaches a constant value ( Remarkably, the behaviour of the bubble-laden vortex rings during the diffusion-driven and buoyancy-driven stages is independent of the mechanism used to generate the initial bubble cloud. Figure 3 depicts the evolution of the bubble cluster size and velocity of a bubble cluster originated by laser-induced cavitation (Methods). The size and velocity follow the same scaling laws as the vortex created by the pressure-induced bubble implosion. This suggests that similar explosive CO 2 outgassing processes may be initiated by other physical mechanisms generating dense bubble clouds such as a sudden change on the saturation conditions 1-3 or the introduction of new bubble nucleation sites 15 .
Finally, two side effects induced by the development of the bubbly plumes must be mentioned here attending to their relevance in the global degassing process. Firstly, due to the finite size of the container, a global recirculating motion is generated that drags bubbles from near the free surface deep into the bulk liquid, thus increasing their residence time in the flow and allowing them to grow for longer times. Secondly, the flow induced inside the bottle speeds-up also the growth of gas cavities attached to the walls 16, 17 through the enhancement in the transport of carbon dioxide towards these cavities, that otherwise would only grow by diffusion. Altogether, the chain of effects described in this letter leads to the fast appearance of foam that has granted beer tapping its popularity.
METHODS SUMMARY
In a first set of experiments, the pressure fluctuations induced in the liquid upon the impact were recorded with a hydrophone. In these experiments, the bottle was filled with deionized water, to delay the formation of cavitation bubbles at the hydrophone's surface. In a second set of experiments, actual beer was used. The evolution of bubbles existing in the liquid previously to the impact was recorded with a high-speed camera. To ensure that a bubble is present at the camera's focal point, bubbles were generated by focusing a YaG laser pulse inside the liquid with a convergent lens. In these two experimental sets, the bottle was impacted by dropping a brass weight (90 g.) in a controlled and repeatable manner from a height of 25 mm. Finally, a third kind of experiment was performed where, instead of hitting the bottle mechanically, a high-energy laser pulse was focused inside the beer to create bubbly plumes. In all the sets, the projected area of the bubble cluster, A, was measured using custom-made software. The cluster size, L c , was then calculated as the diameter of a circle with the same area, namely 
where ρ is the liquid density and σ the liquid-gas surface tension. Notice that, to determine the evolution of the perturbations, the time-history of the bubble radius, R(t), is needed. As a further simplification, since the growth of the surface instabilities is very fast compared to the bubble radial dynamics, both the radius, R, and its acceleration,R, are considered constant during the final instants of the break-up process. Thus, it is now possible to calculate the fastest-growing mode, n m , i.e. that maximizes the expression in brackets, [...], in equation 3:
where Γ m = ρR 2R /σ, evaluated using the minimum bubble radius, R min and the acceleration at the time at which that radius is reached. Consequently, Brennen's model allows us to compute the fastest-growing mode using only values of the radius and its acceleration at the collapse time.
Nonetheless, the short duration of the collapse stage impedes recording the process with enough time resolution to estimate either the minimum bubble radius or the acceleration during this stage (see Figs. 2c and 2d) . Therefore, to obtain these parameters to apply Brennen's model 8 , the evolution of the bubble radius has been computed numerically by integrating the RayleighPlesset equation:
with a pressure pulse, p w (t), consisting in a sine wave whose pressure amplitude and period have been measured with a hydrophone at the bubble's location. In the above equation, µ is the liquid viscosity and γ is the heat capacity ratio of the gas. Figure 2 shows the good agreement between the numerical and the experimental results before the break up, justifying the usage of the numerical parameters to estimate the number of fragments resulting from it.
For instance, from the experiment shown in figure 2 , we obtain n m ≈ 144. This value ranges between 120-160 in all the experiments, with a maximum different between the maximum radius calculated numerically and the measurement always within 10% or less.
Modelling the growth rate of a bubble cloud: To get an estimation of the growth rate of the bubble cloud due to the diffusion of CO 2 before buoyancy becomes important (diffusionstage), we assume that the cluster's volume grows as the sum of the volume of its components.
The time evolution of the radius of a fragment, R f (t), is given be the Epstein-Plesset equation 11 ,
where κ is the diffusivity of CO 2 in water, ρ g the density of the gas inside the bubble and ∆C the difference between the concentration of CO 2 far away from the cloud and that at the bubble's surface. Neglecting the capillary pressure, the solution to the equation is well approximated by
with R f,0 the initial radius and F (x) = x 1 + 1 + 2π/x (ref. 11 ). Assuming that the N fragments are equally sized, the volume of the cloud can be written as
where the dimensionless constant α accounts for the fact that the cluster contains some amount of liquid separating the bubbles. Removing the cubic exponent, and denoting the initial cluster size by L 0 = αN 1/3 R f,0 , we get finally
Finally, we would like to comment on the applicability of the Epstein-Plesset equation to this problem. This equation describes the growth of an isolated bubble, whereas in this case bubbles belong to a dense cluster. Therefore we expect that, at some point, the CO 2 must be depleted, with only those bubbles closer to the clouds' surface being still able to grow. This is consistent with the behaviour observed in figure 3b , where the growth rate of the cluster decreases notably at about 10 ms.
